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In this work, manometrically and gravimetrically measured adsorption isotherms on the flexible copper
MOF material Cug(pg-O)(po-OH)y(Mestrzpba)y (1) are presented and discussed. This includes nitrogen
(N2) adsorption at 77.3 K, carbon dioxide (CO;) adsorption at 298.15 K (Supplementary Material) and the
adsorption of the five hydrocarbons ethane, ethene, propane, n-butane and 1-butene at 273.15 K,
298.15 K and 323.15 K. Up to the saturation pressure, all isotherms show distinct inflection character-
istics, that are relatable to structural transitions of the flexible solid. The number of inflections and the
relative pressure at which the inflections manifest depend on the characteristics of the relevant
adsorptive and on temperature. For the hydrocarbon adsorption isotherms, we studied the influence of i)
measurement temperature, ii) bonding character, and iii) the chain length of the alkanes and alkenes. In
addition, the origin of decreasing equilibrium pressure with increasing adsorbed volume in the nitrogen
adsorption isotherms on the flexible MOF material 1 is discussed. Calculations using the Ideal Adsorbed
Solution Theory (IAST), based on the unary isotherm fits, along with transient breakthrough simulations,
are used to demonstrate that Cu-MOF 1 has the potential to separate 5-component ethane/ethene/
propane/n-butane/1-butene mixtures to yield three different fractions with increasing carbon numbers.

© 2016 Elsevier Inc. All rights reserved.

1. Introduction

Metal-organic frameworks (MOFs) as microporous materials
with high adsorption capacity represent a challenge for the
search of applications in many processes such as gas storage,
separation or purification [1,2]. Frameworks of the third genera-
tion, according to the classification of Kitagawa et al., possess a
more or less high degree of flexibility [3] that can depend on the
solid structure itself, the fluid pressure and/or the loading with
guest molecules — a special feature that may be exploited to find
useful applications.
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Fluid-dependent  adsorption connected with definite
solid—solid phase transitions, for instance, may be used for noble
gas or hydrocarbon separation [4,5]. Since ethane and ethene
possess very similar boiling points and molecular dimensions,
mixtures of ethane/ethene are difficult to separate by distillation or
molecular sieving. Therefore, energy-intensive processes such as
cryogenic distillation are widely used for industrial ethane/ethene
separation [6—8] which is important for feedstock purification in
polyethene manufacture. In order to find a suitable adsorbent for
ethane/ethene separation, Mofarahi et al. examined the usability of
5A zeolite. According to their simulations, 5A zeolite can be applied
for separation of ethane/ethene by means of pressure swing
adsorption (PSA) [9]. Different MOF materials have been investi-
gated via olefin and paraffin adsorption, too. Martins et al. found
that Cu-BTC has a distinct higher adsorption capacity for hydro-
carbons than NaX and zeolite 13X [10]. In that work, the Cu-BTC
shows a slightly higher adsorption affinity for ethene than for
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ethane. It is assumed that, additionally to the smaller kinetic
diameter, the higher quadrupole moment of ethene may be a
reason for this finding. However, a possible t-bonding-interaction
of ethene with the open metal sites of the framework is discussed
as the main reason. Neutron powder diffraction experiments on the
Fe-MOF Fey(dobdc) support this thesis [11]. A further plausible
influencing factor is the binding of the hydrocarbons with frame-
work oxygens due to the convenient conformation of ethene mol-
ecules compared with ethane molecules, which was simulated by
Nicholson [12]. By means of transient breakthrough experiments,
Giiciiyener et al. [13] have demonstrated the separation of ethene/
ethane mixtures using zeolitic imidazolate framework material (ZIF
7). In this case, ethane is preferentially adsorbed from the mixture;
the selectivity has been attributed to gate opening mechanism and
subtle differences in molecular configurations.

The Cu-MOF Cugy(pg-0O)(p2-OH)z(Mestrzpba)y (1, Mestrzpba™ =
4-(3,5-dimethyl-4H-1,2,4-triazol-4-yl)benzoate) investigated in
this work, has been examined already in earlier studies [14—16].
Lincke et al. [14] described the synthesis of the material and found
two distinct steps in the adsorption isotherms of N», Ar and CO,
which are explained by gate-opening processes. Reichenbach et al.
[15] proved the influence of handling and storage of the material on
textural properties and showed that external stimuli, like temper-
ature- and pressure gradients, can change the sorption character-
istics and the degree of flexibility. Lange et al. [16] studied the
adsorption behavior of n-butane, 1-butene, isobutane and isobutene
on the Cu-MOF 1.

The present communication has two major objectives. The first
objective is to investigate systematically how measurement tem-
perature, chain-length and bonding character influence the
adsorption of alkanes and alkenes on the flexible Cu-MOF. The
second objective is to demonstrate its potential for separation of
hydrocarbon mixtures containing C2, C3, and C4 hydrocarbons;
such separations are of importance in the petrochemical industries
[17,18]. Published research on MOFs for the separation of mixtures
of C4 hydrocarbons is extremely limited. For example, Hartmann
et al. [19] have presented breakthrough experimental data to
demonstrate the separation of isobutane/isobutene mixtures using
CuBTC.

2. Experimental
2.1. Adsorbent

The Cu-MOF 1 was prepared using the synthesis route given by
Lincke et al. [14]. The protonated ligand H(Me;trzpba) was refluxed
with copper acetate hydrate for two days in ethanol, followed by a
Soxhlet extraction of the obtained material with methanol.

According to the single crystal structure analysis [14], the
nodes of the framework are composed of four copper ions, each
showing N,03 pyramidal coordination sphere. A central 0%~ ion
represents the common vertex of the four pyramids and is
therefore the central assemblage point surrounded by the four
copper ions. Additionally, pairs of copper ions are bridged with
each other either via bidentately binding triazole units or via
hydroxyl groups. A body centered cubic topology is built up by
connection of Cug(us-O)(u2-OH)2 nodes via organic linkers which
leads to a three-dimensional pore system consisting of two
different types of windows. Their dimensions are 450 x 550 pm
in crystallographic a and b directions and 350 x 850 pm in ¢
direction presented in Fig. 1 [14].

The MOF material was stored in methanol. Before activation,
excessive solvent was decanted, and the material was first dried at
373.15 K for about 30 min, the pre-dried solid then was stored in
methanol vapor in a desiccator.

Fig. 1. Projections of the crystal structure of 1 which forms a three-dimensional pore
system; view in crystallographic a and b directions 450 x 550 pm (left), ¢ direction
350 x 850 pm (right) [14].

2.2. Manometric and gravimetric adsorption measurements

N, adsorption isotherms were measured at 77.3 K with a
manometric ASAP 2010 device (Micromeritics Instrument Corpo-
ration) [20]. About 200 mg of the pre-dried substance were acti-
vated and weighed before the measurement. In order to avoid
contact with atmospheric gases, a seal frit was used to cap the
sample tube. For minimizing the sample tube volume during the
manometric measurement, a filler rod was used. Defined volume
increments were dosed automatically until the targeted relative
pressures were reached.

Hydrocarbon adsorption isotherms at 273.15 K, 298.15 K and
323.15 K and the CO, adsorption isotherm at 298.15 K were
measured with a magnetic suspension balance (Fa. Rubotherm)
[21]. The pre-dried material was filled in a sample holder and
brought into the vacuum system of the balance. Different pressure
transducers were used depending on the expected pressure ranges
of the measurement fluids. The saturation pressures of the used
hydrocarbons at different temperatures are listed in Table 1.

After activation, the fluids were dosed stepwise to the mea-
surement system. The adsorption equilibrium was monitored
manually. Before changing the measurement fluid, the balance
system was purged with the new fluid several times in order to
remove remaining molecules from the previous adsorption exper-
iment. The resulting sorption isotherms were corrected via helium
buoyancy correction as discussed in Ref. [23].

3. Results and discussion
3.1. Nitrogen adsorption isotherm

We measured manometrically the N, adsorption isotherms on
the Cu-MOF several times. We were able to reproduce the iso-
therms already published in Refs. [14] and [15] for the same ma-
terial which show two strong increases (steps) of the adsorbed
volume above a relative pressure of 10~3. The second strong in-
crease is associated with a large hysteresis loop. It is well-known

Table 1

Saturation pressures of the used adsorptives at all measured temperatures; calcu-
lated using a correlation provided by the Design Institute for Physical Properties
(DIPPR) [22].

Adsorptive Saturation pressure [bar]

273.15K 298.15 K 323.15K
ethane 239 41.9 68.6
ethene 41.1 69.8 111.7
propane 4.8 9.5 17.2
n-butane 1.0 24 5.0
1-butene 13 3.0 5.9




394 T. Hahnel et al. / Microporous and Mesoporous Materials 224 (2016) 392—399

400

350

300

250

200

150

100

adsorbed volume [cm?3/g] STP

50

04 045 05

0 0.2 04 06 08 1
P/po

Fig. 2. Detailed presentation of N, physisorption at 77.3 K on 1; adsorption: filled
symbols, desorption: empty symbols.

that isotherms like that can be caused by structural transitions of
the adsorbent, which has been discussed already for several flexible
MOF-materials [3,24,25].

In order to have a closer look on the second step, a selected
isotherm is presented in Fig. 2. It can be seen that at a relative
pressure, p/po = 0.40—0.45, negative rises in the isotherm shape
can occur, i.e., the relative pressure decreases with an increasing
amount of the adsorbed volume.

Since the effect of decreasing equilibrium pressure with

we will consider two successive dosing steps after reaching
p/po = 0.4.
First dosing

At p/pg = 0.4, a limited part of the total pore quantity of the
adsorbent is accessible for the adsorptive molecules. If now further
adsorptive molecules (blue) are dosed into the system, during the
equilibration, the original dosing pressure before adsorption de-
creases down to the equilibrium pressure. This equilibrium pres-
sure is higher than the previous equilibrium value of p/pg = 0.4
because the gate-opening pressure is not yet reached.

Second dosing

After the dosing of new adsorptive molecules (red), together
with the residual non-adsorbed gas molecules (blue) of the first
adsorption equilibrium, a higher dosing pressure than at the first
dosing is reached. If the second dosing pressure is now higher than
the gate-opening pressure, additional pore regions become acces-
sible for the measurement gas. Both the residual molecules (blue)
as well as the new molecules (red) will be adsorbed in the whole
open pore system. If the capacity of the additional pore system is
large enough, then the equilibrium pressure after the second step is
smaller than the equilibrium pressure of the first dosing.

So, the flexible behavior of the solid may lead to a decreasing
equilibrium pressure with increasing adsorbed amount in the
adsorption isotherm. The effect can be explained by reaching of the
gate-opening pressure between two dosing steps before reaching
the adsorption equilibrium. Related phenomena were for example
discussed by Tanaka et al. [26] or Tezel et al. [27] and have been
reproduced and even deepened by recent micro-imaging studies by
which the evolution of the guest-induced changes in the lattice
structure could be recorded in time dependent maps of the crystal
[28].
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Fig. 3. Assumed process leading to the effect of decreasing equilibrium pressure with increasing adsorbed amount in physisorption isotherms.

increasing adsorbed amount was reproducible for different
adsorption isotherms of the same MOF sample, it can be assumed
that it is due to the flexibility of the material. In Fig. 3, we present a
possible explanation for the occurrence of decreasing relative
pressures with increasing amounts of the adsorbed volume.
During an adsorption experiment, constant amounts of
measuring gas are dosed according to a defined pressure table. At
each point, the adsorption equilibrium is awaited. In the following,

3.2. Hydrocarbon adsorption isotherms

The isotherms of the five light hydrocarbons ethane, ethene,
propane, n-butane and 1-butene were measured at 273.15 K,
289.15 K and 323.15 K. In the following, we will present selected
isotherms by emphasizing the parameters temperature, chain
length and bonding character influencing the adsorption behavior
of the Cu-MOF material.
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Fig. 4. Semi-logarithmic presentation of the ethane (left) and ethene (right) isotherms on 1 at 273.15 K, 298.15 K and 323.15 K; adsorption: filled symbols, desorption: empty

symbols.

3.2.1. Influence of temperature and bonding character of the
hydrocarbons

In Fig. 4, the gravimetrically measured isotherms of ethane and
ethene are presented. It can be seen that all isotherms show hys-
teresis associated with strong increases of the excess amount with
increasing pressure, subsequently designated as isotherm steps.
The number of hysteresis and the respective isotherm steps de-
pends on temperature and the respective fluid adsorptive.

If one compares the ethane isotherms on the left-hand side of
Fig. 4 with the ethene isotherms on the right-hand side, it becomes
obvious that more or less all ethene isotherms are two-step iso-
therms, whereas for the ethane adsorption at 298.15 K and
323.15 K, also one-step isotherms can be found. This indicates two
solid—solid phase transitions due to ethene adsorption of the Cu-
MOF 1 in the measured pressure range at all measured tempera-
tures. Ethane adsorption leads to this behavior only at 273.15 K. This
indicates that the bonding character of the respective hydrocarbon
may influence the gate-opening process.

Due to the m-bonding of ethene, the two hydrocarbons ethane
and ethene differ in the following properties which might affect the
shape of the adsorption isotherms:

1 the w-bonding character of ethene which possibly influences the
coordinative properties of the adsorbent,

2 the smaller kinetic diameter of ethene compared with ethane
molecules providing better accessibility of ethene to the pores of
the microporous framework (steric effects),

3 the higher saturation pressure of ethene compared with ethane,
which may lead to a higher stress on the inner framework and
therefore a supported solid—solid phase transition.

However, it can be assumed that a more or less complex inter-
play between the mentioned influences leads to the respective
behavior of the adsorbent.

As expected, the position of the steps in the isotherms of both
adsorptives is shifted to higher pressures with increasing tem-
perature. In each isotherm, the first step starts if nearly the same
values of excess amount are reached. This suggests that the
beginning of the solid—solid phase transition is related to a certain
degree of surface coverage. However, the excess amount of gate
opening decreases slightly with increasing temperature. This may
be explained by the higher kinetic energy of the adsorbate mole-
cules at higher temperatures.

For ethene, the first steps start at slightly higher excess amounts
than for ethane, which may be explained by the covered surface
area. In order to cover the same surface area, a larger amount of
ethene molecules is needed than of ethane molecules because of
the smaller kinetic diameter of the ethene molecules. The ranges of
excess amounts, where isotherm steps occur, are listed for all
measured temperatures and all adsorptives in Table 2.

In Fig. 5, for a more detailed discussion, the adsorption iso-
therms of ethane and ethene are overlapped for each measured
temperature. For all temperatures, in the low relative pressure re-
gion, the ethane and ethene isotherms are very similar. Visible
differences between the ethane and ethene isotherms can be
observed only in the region of the first adsorption hysteresis at
pl/po = 1072 Finally, the differences between the isotherms are
small up to p/pg = 1071

Significant differences between the isotherms at the respective
temperature, however, can be found for p/pg > 107! as already
mentioned in the discussion of Fig. 4.

For 273.15 K, both isotherms show a second step which occurs
for ethene at a lower relative pressure than for ethane. At the
higher temperatures 298.15 K and 323.15 K, a second isotherm
step is only seen for ethene. That confirms the theory, that the
second phase transition of the Cu-MOF 1 is supported by the
bonding character of the hydrocarbons and the related properties
of the adsorptives.

Table 2
Ranges of excess amounts ATl related to isotherm steps.
Transition steps Temperature Ethane Ethene Propane n-butane 1-butene
AT [mmol/g] AT’ [mmol/g] AT’ [mmol/g] AT [mmol/g] AT [mmol/g]
1st step [mmol/g] 273.15K 1.8-3.3 22-34 1.2-29 1.1-22 14-24
298.15 K 1.8-3.0 1.9-3.0 1.0-33 1.1-21 13-24
323.15K 1.5-29 1.8-3.1 0.9-2.6 1.0-2.1 1.3-2.0
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Fig. 5. Semi-logarithmic presentation of the ethane (red) and ethene (blue) isotherms
on 1 at 273.15 K, 298.15 K and 323.15 K; adsorption: filled symbols, desorption: empty
symbols. (For interpretation of the references to colour in this figure legend, the reader
is referred to the web version of this article.)

3.2.2. Influence of chain-length and temperature

In Fig. 6, the measured ethane and propane adsorption iso-
therms are compared. At all temperatures, a stepwise isotherm
progression is apparent. The steps are combined again with hys-
teresis loops. While the ethane isotherms on the left-hand side
show one- and two-step isotherms (cf. also Fig. 4), the propane
isotherms show a one-step progression for all temperatures. This
suggests that the flexible behavior of the framework is provided
with decreasing chain length of the adsorbed molecules.

3.2.3. Influence of chain-length and bonding character of the
hydrocarbons

Fig. 7 shows the adsorption of three saturated hydrocarbons
(left-hand side) and of two unsaturated hydrocarbons (right-hand
side) at 273.15 K. All isotherms show a stepwise curve progression.
Propane and n-butane show one-step isotherms and ethane,
ethene and 1-butene show two-step ones. It can be seen that in
case of saturated hydrocarbon adsorption, the adsorptive chain
length influences the flexible behavior of the Cu-MOF material. In
case of the adsorption of unsaturated hydrocarbons, this influence
is not so obvious. For ethene as well as 1-butene, two-step iso-
therms are found.

In the initial relative pressure range of all isotherms, the excess
amount increases with decreasing saturation pressure of pure
adsorptive gas (see also Table 1). With increasing relative pressure
the trend changes. Here, instead of saturation pressure the chain
length of the adsorbed molecules is the main influencing factor. The
excess amount increases with decreasing chain length of the
adsorbed molecules. This is due to the fact that in a constant pore
volume, larger amounts of small molecules than of larger ones are
adsorbable.

The influence of the bonding character of adsorbed molecules
becomes obvious by comparing the n-butane and 1-butene iso-
therms at 273.15 K (see Fig. 8). The second step in the 1-butene
isotherm gives evidence that the flexible behavior of 1 is pro-
vided, if m-bonding interactions between adsorbate molecules and
the adsorbent take place. Maybe this is due to a supported change
of metal site coordination in the Cu-MOF 1 [10,11]. Also influences
due to the smaller kinetic diameter or the higher saturation pres-
sure of the unsaturated hydrocarbon compared with the saturated
one of the same chain length may play a role. Lange et al. [16]
carried out in-situ-PXRD measurements and showed that only
1-butene-adsorption causes a second gate-opening step. The
adsorption isotherms of other C4-hydrocarbons such as isobutane
and isobutene showed only one distinct increase, i.e. the influence
of the conformation and the m-bonding of adsorptive molecules in
the adsorption behavior has been demonstrated.

In Table 2, the ranges of excess amounts related to isotherm
steps are presented for all measured adsorptives and temperatures.
It can be seen that the kind of adsorbed substance influences the
range of the excess amount stronger than the measurement tem-
perature. For the C,-hydrocarbons, the ranges of excess amounts
related to isotherm steps start at higher values than for propane
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Fig. 6. Semi-logarithmic presentation of the ethane (left) and propane (right) isotherms on 1 at 273.15 K, 298.15 K and 323.15 K; adsorption: filled symbols, desorption: empty

symbols.
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and C4-hydrocarbons — probably an effect of the space filling re-
quirements of the different adsorptive molecules. A larger amount
of small molecules is needed to cover the same surface areas for
starting a structural transition. It is also obvious that the excess
amounts for unsaturated hydrocarbons are slightly higher than for
the saturated ones of the same chain length.

For a more quantitative evaluation of the occurring solid state
phases of the Cu-MOF 1 (P1, P2, P3), cumulative pore volumes
were calculated using the Gurvich rule [29,30]. In Table 3, the
calculated values for all measured adsorptives and temperatures
are listed. The values are percentages referred to the theoretical
pore volume of 0.59 cm>/g from Ref. [14]. No data are listed if no
phase transition occurred or if the measurement fluid is super-
critical at the corresponding temperature. Independent of the used
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Fig. 8. Semi-logarithmic presentation of the n-butane (red) and 1-butene (blue) iso-
therms on 1 at 273.15 K adsorption: filled symbols, desorption: empty symbols. (For
interpretation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)

adsorptive or temperature, comparable pore volumes are calcu-
lated for each of the three phases. Phase 1, existing under low
pressure conditions, offers an average pore volume of about 21%,
phase 2 of about 65% and phase 3 of about 83% of the complete
theoretical pore volume.

4. The potential of Cu-MOF 1 for C2/C3/C4-mixture
separations

In order to investigate the separation potential of 1, the Ideal
Adsorbed Solution Theory (IAST) was applied to determine the
component loadings in equilibrium with equimolar 5-component
ethane/ethene/propane/n-butane/1-butene mixtures. For per-
forming the IAST calculations, the unary isotherms of each guest
molecule are fitted with good accuracy using the three-site Lang-
muir—Freundlich model; details of the isotherm fits, along with
IAST calculations are provided in the Supplementary Material
available in the online version of this article. At 298 K, for example,
IAST calculations of the component loadings in the adsorbed phase
are shown in Fig. 9. We also note that component loadings are
bunched into three fractions: C4-, C3- and C2-hydrocarbons. This
indicates that ethene/ethane/propane/n-butane/1-butene gas
mixtures can be separated into three fractions with different car-
bon numbers.

Industrial separations of hydrocarbon mixtures are normally
carried out in fixed bed adsorption devices. The performance of a

Table 3

Cumulative pore volumes of different occurring solid state phases and at different
temperatures, calculated by the Gurvich rule; percentage presentation, referred to
the theoretical pore volume of 0.59 cm?/g.

Calculated pore volume [%]

ethane ethene propane n-butane 1-butene

273.15 K/P1 22.5 30.8 17.0 18.7 24.0
273.15 K/P2 69.7 70.0 66.0 60.5 65.3
273.15 K/P3 774 87.1 - - 83.1
298.15 K/P1 29.6 - 15.0 19.3 22.0
298.15 K/P2 75.9 - 68.3 59.2 65.0
298.15 K/P3 - - - - -

323.15 K/P1 - - 15.0 18.7 229
323.15 K/P2 - - 68.6 57.4 62.5

323.15 K/P3
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fixed bed adsorber is dictated by a combination of adsorption
selectivity and uptake capacity. To examine the separation po-
tential of 1, transient breakthrough simulations are performed
using the methodology described in earlier work [18]. For ope-
ration of a fixed bed adsorber at 298 K, and total pressure of 5 bar,
the transient breakthroughs are shown in Fig. 10. The elution
sequence is ethene, ethane, propane, 1-butene, and n-butane. For
appreciation of the breakthroughs, a video animation of the
transient traversal of the gas phase concentration fronts of each of
the five guest molecules along the length of the fixed bed has
been uploaded as supplementary material. The breakthroughs
suggest that the exit gas can be collected in three separate frac-
tions with different C numbers, as indicated by the arrows in
Fig. 10. Further experimentation is necessary in order to confirm
this promising separation potential for industrially relevant
operation conditions.
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n-butane
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o
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Dimensionless time, r = fu /¢l

Dimensionless concentration at exit,
N
L

o

Fig. 10. Simulations of transient breakthrough characteristics for 5-component
ethane/ethene/propane/n-butane/1-butene gas mixtures in Cu-MOF 1 maintained at
isothermal conditions at 298 K. The partial pressure of each component in the inlet gas
to the fixed bed is 1 bar.

Supplementary data related to this article can be found online at
http://dx.doi.org/10.1016/j.micromeso.2015.12.056.

5. Conclusions

Experimental adsorption on the flexible copper MOF material 1
of nitrogen at 77.3 K and the five hydrocarbons ethane, ethene,
propane, n-butane and 1-butene at 273.15 K, 298.15 K and 323.15 K
have been presented and discussed.

The main results of the experimental investigations are:

1. Concerning nitrogen adsorption isotherms, we suggest a
mechanism by which the unusual behavior of increasing
adsorbed amount with decreasing equilibrium pressure may be
explained by the flexible behavior of the adsorbent material.

2. All isotherms show more or less distinct steps, which can be
related to structural transitions of the flexible solid.

3 The lower the measurement temperature the higher is the
excess amount of the respective hydrocarbon. At 273.15 K, two-
step isotherms can be expected with higher probability than at
the higher temperatures of 298.15 K and 323.15 K since the
adsorption forces at 273.15 K are strong enough to open the pore
system of the flexible material. At 273.15 K, we found two-step
isotherms for ethane, ethene and 1-butene. At 298.15 K and
323.15 K, two-step isotherms only occur for ethene in the
measured relative pressure range. However, at the higher tem-
peratures the experimental setup limits the reachability of the
maximum relative pressures.

4 For the unsaturated hydrocarbons, more two-step isotherms
have been found than for the respective saturated hydrocarbons
of the same chain length. This indicates that the bonding char-
acter of the adsorptive molecules influences the flexible
behavior of the Cu-MOF 1. This is maybe due to -bonding in-
teractions with the adsorbent, the kinetic diameter or the
differing saturation pressure of the adsorptives.

5 The lower the chain length of the respective adsorptive the more
the flexible behavior of the adsorbent is provided. In the higher
relative pressure region, the excess amount increased with
decreasing chain length. This applies to the unsaturated as well
as the saturated hydrocarbons.

The following conclusions can be drawn from the simulated
data (cf. also supplementary Material):

1. Cu-MOF 1 has the potential to separate C2/C3/C4 hydrocarbon
mixtures to yield three different fractions with different C
numbers. For clean separation between the C3 and C4 fractions,
the operating temperatures need to be within 298 K and 323 K.

2. IAST calculations show that ethane/ethene mixtures cannot be
separated effectively by Cu-MOF 1.

3. Cu-MOF 1 is capable of separating n-butane/1-butene mixtures
to yield pure 1-butene, provided the temperature is maintained
at 273 K. The gate opening is less selective for this separation at
higher temperatures of 298 K and 323 K.

Acknowledgment

The financial support for this project by Deutsche For-
schungsgemeinschaft (DFG, KA-1560/6-1) and Bundesministerium
fiir Bildung und Forschung (BMBF, 03FH041PX4) is gratefully
acknowledged.

We also want to express our thanks to Marcus Lange (INC
Leipzig) who supported the gravimetric adsorption measurements
and Sebastian Storch (HTW Dresden) who carried out the mano-
metric N, adsorption on the Cu-MOF material.


http://dx.doi.org/10.1016/j.micromeso.2015.12.056

T. Hahnel et al. / Microporous and Mesoporous Materials 224 (2016) 392—399 399

Appendix A. Supplementary data

Supplementary data related to this article can be found at http://
dx.doi.org/10.1016/j.micromeso.2015.12.056.

Notation

G molar concentration of species i in gas mixture, mol/m>

Cio molar concentration of species i in gas mixture at inlet to
adsorber, mol/m>

L length of packed bed adsorber, m

p total system pressure, MPa

p/Po relative pressure

t time, s

T absolute temperature, K

u superficial gas velocity in packed bed, m/s

y mole fraction of hydrocarbons in equimolary mixture

Greek letters

e voidage of packed bed, dimensionless

AT ranges of excess amounts related to isotherm steps,
mmol/g

T time, dimensionless

Abbreviations

P1/P2/P3 occurring solid state phases (1, 2, 3) of Cu-MOF 1 during
adsorption experiments
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1. Introduction

There has been considerable research on the development of MOFs for separation of light
hydrocarbon mixtures containing two or more of the following components CHy4, C;H,,
C,Hs, C,Hg, CsHg, and CsHg.[1-17] However, published research on MOFs for the
separation of mixtures of C4 hydrocarbons is extremely limited. For example, Hartmann et
al.[18] have presented breakthrough experimental data to demonstrate the separation of
isobutane/isobutene mixtures using CuBTC. One of the objectives of this article is to
examine the potential of Cuys(p4-O)(u2-OH),(Me,trzpba)s (= Cu-MOF 1) for separation of
mixtures containing C2-, C3- and C4-hydrocarbons, that are encountered say in cracker
gases in petrochemical industries. The separation potential of the flexible Cu-MOF is
established on the basis of measurements of pure component isotherms, IAST calculations

of mixture adsorption equilibrium, and transient breakthrough simulations.

2. Characterization of Cu-MOF 1 by pure gas adsorption
experiments
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Fig. SM 1: Semi-logarithmic presentation of the CO, isotherm at 298.15 K on 1; adsorption: filled

symbols, desorption: empty symbols.



Table SM 1: Used pressure transducers for gravimetric adsorption experiments with light hydrocarbons.

Pressure transducer Manufacturer Measurement range
MKS Baratron (0...10 mbar) MKS Instruments GmbH 0...10 mbar
MKS Baratron (0...1 bar) MKS Instruments GmbH 0...1 bar
PAA21-V-2.5 Omega Engineering Inc. 0...2.5 bar
PAA33X-V-30 Omega Engineering Inc. 0...30 bar
PAA21-V-50 Omega Engineering Inc. 0...50 bar
PAA21-V-160 Omega Engineering Inc. 0...160 bar

3. Fitting of experimental data on pure component isotherms
The experimentally determined excess isotherm loadings were converted to absolute

loadings using

pV

_ o excess + pore 1
=1 ZRT .

where Z is the compressibility factor. The Peng-Robinson equation of state was used to
estimate Z. The accessible pore volume within the crystals, Vo, Was taken to be equal to
experimentally determined value of 0.59 ¢cm’/g. The pure component isotherm data for
ethene, ethane, propane, n-butane, and 1-butene display multiple inflections and a proper

description of these is provided by the 3-site Langmuir-Freundlich model:

bAPVA bBPVB bchC
= SA —+ Sa R Sa . 2
9 =49 45a 1+b,p" B.sat 1+b,p" C.sat 1+bcpvc (2)
with 7-dependent parameters bu, bg, and bc¢
E E E
by=by eXp(ﬁ} by = by, eXP(ﬁ} be =bcy eXP(ﬁj (3)



The adsorption and desorption branches of the isotherms were fitted separately. The
saturation capacities ¢s, Langmuir constants b, Energy parameters E, and the Freundlich
exponents v, for ethene, ethane, propane, n-butane, and 1-butene are provided in Table SM

1.

Table SM 2: 3-site Langmuir-Freundlich parameters for ethene, ethane, propane, 1-butene and n-butane in
Cu-MOF 1. These fit parameters are for the adsorption branches of the isotherms at 273 K, 298
K, and 323 K fitted together.

Parameter ethene ethane propane 1-butene n-butane
Gasa/ Mol kg 3.8 0.55 3.7 34 1

¢B.sa /MOl kg 4.5 35 0.82 3.4 2.6

qc.sa/ mol kg™ 0.5 4.8 0.95 0.13 0.4
bao/Pa " 1.09x102° | 1.06x10"° | 1.36x107"" | 3.32x10"7 | 0.33x107
byo/Pa ™ 1.91x10"% 1 9.12x107" | 6.29x10"® | 5.02x107"" | 4.01x10"®
beo/Pa™"c 1.16x10"" | 1.8x10™"° | 1.37x10° | 2.21x10™" | 2.52x107"?
Ex/ kJ mol! 50.7 35.2 34 52.5 55

Eg/ kJ mol”! 34 33.3 29 34.8 65

E¢/ kJ mol” 36.2 35.6 34 38.2 56

vx / dimensionless 2.6 1 1.23 1 1.24

v / dimensionless 1.3 1.14 2 1 1.37

V¢ / dimensionless 1.2 1.27 0.42 33 1.33

Fig. SM 2 presents comparisons of experimental data for the adsorption branch of the
unary isotherms for (a) ethene, (b) ethane, (¢) propane, (d) n-butane, and (e) 1-butene at
273 K, 298 K and 323 K with the 3-site Langmuir-Freundlich model fits. The fits are of
good accuracy at all three temperatures for every guest molecule. Similar good accuracy is

observed for the fitting of the desorption branches of the curves with equation (2).



Component loading, q / mol kg‘1

3-site Langmuir-
Freundlich fits
A 273K

unary ethylene
isotherm fits;
Cu-MOF 1

E E E
by=by exp[R—}j; by =bg, exp[R—;j; be =beq exp(i

—_
(=2
N

1

~—

Component loading, q / mol kg"

RT

The experimental isotherm data for all three

A 273K

s 7 ® 208K

® 298K _ b,p" byp' bep™ 5 32K
9 =4 45at 1+bA v, B.sat 1+ beVB C,sat 1+bcpvc

3-site Langmuir-
Freundlich fits

unary ethane
isotherm fits;
Cu-MOF 1

0 T T R TT B AT R R RTTT] temperatures are fitted simultaneously with T- O i i
0.01 0.1 1 10 100 dependent b parameters. 0.01 0.1 1 10 100
Bulk gas phase pressure, p/ bar Bulk gas phase pressure, p/ bar
(c) (d) (e)
6 ) . 5 6
F 3-site Langmuir- [ F : :
r anot L 3-site Langmuir- r 3-site Langmuir-
[ Freundlich fits angm Freundlich fits
< 50 A 273K - [ Freundlich fits s 5L
2~ 2 4f a 273K 2 °f 4 213K
= [ ® 298K = S 5 [ ® 298K
g [ ¢ 323K s [ e 2:K s |
< 4r S [ e 323K E 4L & 323K
o L o 3 o L
= g I e . r
5 3r 5t 5 3r
o] C @ L © C
2 2 2f 2
& 2 & r g 2r
c c S c C
s g s 1k unary n-butane s L unary 1-butene
§ 1r Lilgg{l‘{e?:]??i?ge § r isotherm fits; § 1r isotherm fits;
L CU-MOF 1 ’ Cu-MOF 1 r Cu-MOF 1
0 Lol Lol Lol Lol I} 0 Ll Ll Ll Ll IR EETI) 0 Lol Lol Lol Ll Ll
0.001 0.01 0.1 1 10 0.0001 0.001 0.01 0.1 1 10 0.0001 0.001 0.01 0.1 1 10

Bulk gas phase pressure, p/ bar

Bulk gas phase pressure, p/ bar

Bulk gas phase pressure, p/ bar

Fig. SM 2: Comparisons of experimental data for the adsorption branch of the unary isotherms for
(a) ethene, (b) ethane, (c) propane, (d) n-butane, and (e) 1-butene at 273 K, 298 K and
323 K in Cu-MOF 1 with 3-site Langmuir-Freundlich model fits.

4. Isotherm inflections and the inverse thermodynamic factor

The inflections in the unary isotherms are best reflected in the calculations of the inverse

thermodynamic factor, 1/T", defined by

1_Jng _poq

I Jlnp qop “

The variation of 1/I" with the component loading, g, can be determined by analytic
differentiation of the 3-site Langmuir-Freundlich model fits. At any given temperature, for

each molecule we observe two inflections, related to the structural transformations; see Fig.

SM 3.
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Fig. SM 3: Calculations of the inverse thermodynamic factor, 1/T", as function of the component

loading for (a) ethene, (b) ethane, (c) propane, (d) n-butane, and (e) 1-butene at 273 K,
298 K and 323 K in Cu-MOF 1. These calculations are based on analytic

differentiation of the 3-site Langmuir-Freundlich model fits of the adsorption branch

for each guest molecule.

5. Isosteric heat of adsorption

The isosteric heat of adsorption, Oy, defined as

Olnp
=RT| =L
0, -

q

)

was determined using the pure component isotherm fits using the Clausius-Clapeyron

equation.



In Fig. SM 4, the values of Qg for ethene, ethane, propane, n-butane, and 1-butene,

calculated from using the fits of the adsorption branch (continuous solid lines) and

desorption branches (dashed lines) of the isotherms are compared. For every guest

molecule we see that the isotherm inflections leave strong imprints on the characteristics of

the O vs. g characteristics.
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Fig. SM 4: Calculations of the isosteric heat of adsorption, Oy, of (a) ethene, (b) ethane, (c)

propane, (d) n-butane, and (e) 1-butene in Cu-MOF 1. The continuous solid lines are

the Qg calculations using the fits of the adsorption branch of the unary isotherms. The

dashed lines are the Oy calculations using the fits of the desorption branch of the unary

1sotherms.



The inter-relation between isotherm inflections and the loading dependence of Oy is best
underscored in Fig. SM 5 that presents a comparison of the isosteric heat of adsorption, QO
of ethene, ethane, propane, n-butane, and 1-butene in Cu-MOF 1; these O calculations use
the fits of the adsorption branch of the unary isotherms. In a loading range of about 1 — 3
mmol/g, the highest Oy values are for n-butane; the hierarchy of Qg values in this range is

n-butane > 1-butene > propane > ethane > ethene.
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Fig. SM 5: Comparison of the isosteric heat of adsorption, Qy, of ethene, ethane, propane, n-
butane, and 1-butene in Cu-MOF 1. The O calculations use the fits of the adsorption

branch of the unary isotherms.

Fig. SM 6 presents a comparison of Oy vs. ¢ with 1/T vs. g characteristics for (a) ethene,
(b) ethane, (c) propane, (d) n-butane, and (e) 1-butene at 273 K, 298 K and 323 K in Cu-
MOF 1. It is quite apparent that the loading dependence of the isosteric heats of adsorption,
O, 1s intricately linked with the corresponding isotherm inflection characteristics. The two
peaks in the Qg vs. ¢ data sets correspond with the corresponding troughs in the 1/T" vs. g

data.
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Fig. SM 6: Comparison of Qg vs. ¢ with 1/T" vs. ¢ characteristics for (a) ethene, (b) ethane, (c)
propane, (d) n-butane, and (e) 1-butene at 273 K, 298 K and 323 K in Cu-MOF 1.

6. IAST calculations of mixture adsorption

Fig. SM 7 presents the Ideal Adsorbed Solution Theory (IAST) calculations for
component loadings for adsorption of equimolar ethene/ethane/propane/n-butane/1-butene
gas mixtures in Cu-MOF 1 maintained at isothermal conditions at (a) 273 K, (b) 298 K, and
(c) 323 K. We also note that component loadings are bunched into three fractions: C4-, C3-
and C2-hydrocarbons. This indicates that ethene/ethane/propane/n-butane/l1-butene gas
mixtures can be separated into three fractions with different carbon numbers. At all three

temperatures, n-butane is the most strongly adsorbed component.

10
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Fig. SM 7: IAST calculations for component loadings for adsorption of 5-component

ethene/ethane/ propane/n-butane/1-butene gas mixtures in Cu-MOF 1 maintained at

isothermal conditions at (a) 273 K, and (b) 298 K, and (c) 323 K. The IAST

calculations are based on the isotherm fits using the adsorption branches of the

isotherms.

The selectivity of preferential adsorption of component i over component j can be defined

as

5, =9/
p[/pj

In equation (6), g and g; are the absolute component loadings of the adsorbed phase in

the mixture.
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In order to examine the feasibility of separation of ethane/ethene mixtures, Fig. SM 8
presents IAST calculations for adsorption selectivities of equimolar ethane/ethene gas
mixtures in Cu-MOF 1 maintained at isothermal conditions at 273 K, 298 K, and 323 K.
We note that the selectivities are only slightly above unity, and therefore effective

separation of ethane/ethene mixtures with Cu-MOF 1 is not feasible.
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Fig. SM 8: IAST calculations for adsorption selectivities of equimolar ethane/ethene gas mixtures

in Cu-MOF 1 maintained at isothermal conditions at 273 K, 298 K, and 323 K.

In order to examine the feasibility of n-butane/1-butene mixtures, Fig. SM 9 presents the
IAST calculations for adsorption selectivities of equimolar n-butane/1-butene gas mixtures
in Cu-MOF 1 maintained at isothermal conditions at 273 K, 298 K, and 323 K. We note
that the S.gs values are higher at lower temperature. This suggests that the gate opening

mechanism is more effective at lower temperatures for n-butane/1-butene separations.
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Fig. SM 9: IAST calculations for adsorption selectivities of equimolar n-butane/1-butene gas

mixtures in Cu-MOF 1 maintained at isothermal conditions at 273 K, 298 K, and 323

K.

7. Transient breakthroughs in a fixed bed adsorber

Industrial separations of hydrocarbon mixtures are normally carried out in fixed bed
adsorption devices. The performance of a fixed bed adsorber is dictated by a combination
of adsorption selectivity and uptake capacity. To examine the separation potential of Cu-
MOF 1, we perform transient breakthrough simulations using the simulation methodology
described in earlier work [3]. For all the simulations we choose: adsorber length, L = 0.3 m;
superficial gas velocity in the bed, u = 0.04 m s'; voidage of the packed bed, & = 0.4;
crystal density, p= 1596 kg m™. For pulse chromatographic simulations, the pulse duration

is taken as 10 s. For presenting the transient breakthrough simulation results, we use the

13



dimensionless time, 7 = s obtained by dividing the actual time, ¢, by the characteristic
£

) Le
time, —.
u

Fig. SM 10a,b,c present simulations of transient breakthrough characteristics for 5-
component ethene/ethane/propane/n-butane/1-butene gas mixtures in Cu-MOF 1
maintained at isothermal conditions at (a) 273 K, and (b) 298 K, and (c¢) 323 K. The partial
pressure of each component in the inlet gas is 1 bar. At each temperature, the elution
sequence is ethene, ethane, propane, 1-butene, and n-butane. For appreciation of the
breakthroughs, a video animation of the transient traversal of the gas phase concentration
fronts of each of the five guest molecules along the length of the fixed bed operating at 298
K has been uploaded as supplementary material. The breakthroughs suggest that the exit
gas can be collected in three separate fractions with different C numbers, as indicated by
the arrows in Fig. 10a,b,c. A close inspection of the breakthrough characteristics in Fig. 10

indicates that the C3/C4-separation appears to be more effective at 298 K and 323 K.
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Fig. SM 10: Simulations of transient breakthrough characteristics for 5-component ethene/ethane/

propane/n-butane/1-butene gas mixtures gas mixtures in Cu-MOF 1 maintained at
isothermal conditions at (a) 273 K, and (b) 298 K, and (¢) 323 K. The partial pressure
of each component in the inlet gas to the fixed bed is 1 bar. The breakthrough

calculations are based on the isotherm fits using the adsorption branches of the

isotherms.

The fractionation of C2/C3/C4 is best illustrated by the pulse chromatographic

simulations performed at 298 K; see Fig. SM 11. The large time difference between the C3-

and C4-peaks testifies to the effectiveness of C3/C4-separations at 298 K. The fractionation

capability is best appreciated by viewing the video animations of the transient traversal of
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the component peaks along the length of the fixed bed; these have been uploaded as

Supplementary Material.
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Fig. SM 11: Pulse chromatographic simulations for 5-component ethene/ethane/ propane/n-
butane/1-butene gas mixtures gas mixtures in Cu-MOF 1 maintained at isothermal
conditions at 298 K. The partial pressure of each component in the inlet gas to the
fixed bed is 1 bar. The pulse injection time is 10 s. The breakthrough calculations are

based on the isotherm fits using the adsorption branches of the isotherms.

In order to determine whether Cu-MOF 1 has the potential of separation of n-butane/1-
butene mixtures, Fig. SM 12a,b,c presents the simulations of transient breakthrough
characteristics for 2-component n-butane/1-butene gas mixtures in Cu-MOF 1 maintained
at isothermal conditions at (a) 273 K, and (b) 298 K, and (c) 323 K. Only at the lowest

temperature of 273 K is it possible to recover pure 1-butene in the gas phase.
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Fig. SM 12: Simulations of transient breakthrough characteristics for 2-component n-butane/1-
butene gas mixtures in Cu-MOF 1 maintained at isothermal conditions at (a) 273 K,
and (b) 298 K, and (¢) 323 K. The partial pressure of each component in the inlet gas
to the fixed bed is 0.5 bar. The breakthrough calculations are based on the isotherm fits

using the adsorption branches of the isotherms.
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8. Notation

ba Langmuir-Freundlich constant for adsorption site A, Pa™""
by Langmuir-Freundlich constant for adsorption site B, Pa™"*
bc Langmuir-Freundlich constant for adsorption site C, Pa™"
G molar concentration of species i in gas mixture, mol m™
Cio molar concentration of species i in gas mixture at inlet to adsorber, mol m>
Ea energy parameter, J mol™!

Eg energy parameter, J mol™

Ec energy parameter, J mol™!

L length of packed bed adsorber, m

pi partial pressure of species 7 in mixture, Pa

Dt total system pressure, Pa

qi component molar loading of species i, mol kg™

Gisat molar loading of species i at saturation, mol kg™

O« isosteric heat of adsorption, J mol™

R gas constant, 8.314 J mol K!

Sads adsorption selectivity, dimensionless

t time, S

T absolute temperature, K

u superficial gas velocity in packed bed, m s™

Voore pore volume, m’ kg'1

Z Compressibility factor, dimensionless

Greek letters

r thermodynamic factor, dimensionless

£ voidage of packed bed, dimensionless

18



VA Freundlich exponent for site A, dimensionless

B Freundlich exponent for site B, dimensionless
Ve Freundlich exponent for site C, dimensionless
yo, framework density, kg m™

T time, dimensionless

Subscripts

—

referring to component i

A referring to site A

B referring to site B

C referring to site C

sat referring to saturation conditions
t referring to mixture
Superscripts

excess referring to excess loading
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